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S U M M A R Y  

The supersonic t r anspor t  conf igura t ions  now being s tud ied  are 
considerably d i f f e r e n t  from the  ex i s t ing  subsonic j e t  t r anspor t s  and 
it is expected t h a t  t he  f l i g h t  c h a r a c t e r i s t i c s  during t h e  c r i t i ca l  low- 
speed approach and landing w i l l  pose problems. 
information on these  low-speed f l i g h t  c h a r a c t e r i s t i c s ,  t h e  NASA-Langley 
Research Center contracted wi th  The Boeing Company tn modify t h e  o r i g i n a l  
Boeing 707 prototype ( t h e  model 367-80 a i rp lane)  f o r  use  ah an i n f l i g h t  
simulator. 

In  order  t o  obtain 

This paper w i l l  d i scuss  t h e  i n f l i g h t  simulation system t h a t  was 
developed fo r  these  tests. 
the unique use of s p o i l e r s  q d  t h r u s t  reversers  t o  s imulate  va r i a t ions  
i n  l i f t  and drag with angle  of a t t a c k ,  the  a b i l i t y  t o  vary the  longi tudinal  
c h a r a c t e r i s t i c s  t o  s imulate  the  ground proximity, and the  ground-based 
s imulator  and computer s t u d i e s  used t o  inves t iga t e  problem areas and check 
the  q u a l i t y  of simulation. 

Included i n  t h e  paper w i l l  be d i scuss ions  of 

RESUME 

Les configurat ions de l ’av ion  de t r anspor t  supersonique en cours  
d’ dtude &ant sensiblement d i f f d r e n t e s  de celles des  avions h rdac t ion  
subsoniques actuels ,  on s ’ a t t end  h ce que les  ca rac td r i s t i ques  de vol  au 
cours de l a  phase c r i t i q u e  d’ approche et  d’ atterrissage h f a ib l e  v i t e s s e  
prdsentent des p r o b l h e s .  
ca rac td r i s t i ques  de vo l  
NASA ?i Langley a conclut  un con t r a t  avec la  soc id td  Boeing re la t i f  h l a  
modification du prototype i n i t i a l  du Boeirig 707 (modele d’avion 367-80) 
en vue de son emploi en t a n t  que s imulateur  en cours  de vol. 

Pour ob ten i r  des  renseignements s u r  ces 
f a ib l e  v i t e s s e  l e  cen t r e  de Recherche de l a  

Ce mdmoire t ra i tera  du systhme de s imulat ion en cours  de vol  dlabork 
I1 comportera auss i  des d iscuss ions  s u r  e ’ u t i l i s a t i o n  pour ces essais. 

unique des spoilers e t  des inverseurs  de poussde pour s imuler  l es  
va r i a t ions  de l a  portance e t  de l a  t r a fnde  avec l ’ ang le  d’ incidence,  s u r  
l a  poss ib i l i t d  de f a i r e  v a r i e r  l es  c a r a c t d r i s t i q u e s  long i tud ina le s  pour 
simuler l a  proximite du s o l .  a i n s i  que s u r  les dtudes s u r  s imulateur  au 
s o l  e t  s u r  ca lcu la teur  ayant pour but d’d tudier  l es  domaines donnant l i e u  

des problbmes e t  de con t r6 l e r  l a  q u a l i t d  de l a  s imula t ion  rda l i sde .  
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U S E  OF A L A R G E  J E T  T R A N S P O R T  A S  A N  
I N F L I G H T  D Y N A M I C  S I M U L A T O R  

W i l l i a m  M. Eldridge and Harold L. Crane 

1 .  I N T R O D U C T I O N  

Several  very large airplanes are current ly  being developed Dy US a i r f rmle  
manufacturers. Two such aircraft are t h e  Boeing 747 and t h e  supersonic  t r anspor t  (SST). 
They are no t  simply larger o r  f a s t e r  va r i a t ions  o f  some e x i s t i n g  subsonic o r  supersonic  
a i rp l anes ,  bu t  ins tead  are t h e  forerunners  of a whole new generation o f  t r anspor t  
a i rp l anes .  For t h i s  reason, many of t h e i r  f l y ing  characteristics w i l l  be wholly 
unl ike  present  military o r  commercial models. 

Some of these new a i rp l anes  w i l l  be nearly twice t h e  gross  weight of  cur ren t  
t r a n s p o r t s  - as much as 600,000 l b .  
aircraft  handling characteristics, we can expect an immediate e f f e c t  on the  physical  
q u a l i t i e s  of  t he  new aircraft, p a r t i c u l a r l y  in terms of  high wing loading, high 
i n e r t i a .  and i n e r t i a  d i s t r ibu t ion .  

Since weight increases  create a marked change i n  

Inc reases  i n  wing loading are directly t raceable  t o  t h e  incorporat ion o f  newly 
developed h i g h - l i f t  f l a p  systems, as well a s  t o  changes i n  aircraft low-al t i tude-cruise  
e f f i c i ency  requirements. 
l e v e l  of  100 l b / f t 2  t o  150 l b / f t 2 .  

Wing loadings on the large j e t s  w i l l  increase  from a present  

The high i n e r t i a  o f  these a i r c r a f t  is of course t h e  r e s u l t  of  t h e i r  h i g h  gross  
weight. A Boeing 747, f o r  example, w i l l  have a p i tch  i n e r t i a  14 times g rea t e r  than 
t h a t  of t h e  367-80 j e t - t r a n s p o r t  prototype (see Figure 1). 
coupled with changes i n  i n e r t i a  d i s t r ibu t ion ,  such as t h e  large yaw/roll i n e r t i a  r a t i o  
O f  t h e  SST, w i l l  g ive t h e  new a i rp l anes  s t a b i l i t y  and cont ro l  response c h a r a c t e r i s t i c s  
t h a t  are considerably d i f f e r e n t  from those of present  aircraft .  

Differences of t h a t  kind, 

We expect  t h a t  these  new airplane designs may have cont ro l  problems, The combination 
of high mass and i n e r t i a  w i l l  make t h e  airplane response t o  cont ro l  s luggish.  And t o  
add t o  t h e  problem, the  changes in  i n e r t i a  d i s t r i b u t i o n  w i l l  cause motion cross-  
coupl ings t h a t  are l i k e l y  t o  cause se r ious  d i f f i c u l t i e s  f o r  t h e  p i l o t .  

Although t h e  f ly ing-qual i ty  requirements of  t he  new a i rp l anes  are still  uncer ta in ,  

The cu r ren t  problem is t h a t  these q u a l i t a t i v e  requirements have n o t  y e t  
des igners  agree t h a t  they should be as good as, i f  no t  b e t t e r  than, present  j e t  
t r anspor t s .  
been s e t  down i n  quan t i t a t ive  form. Exis t ing spec i f i ca t ions  f o r  c i v i l  and mi l i t a ry  
f l y i n g  q u a l i t i e s  are use fu l  as a general guide, but a few o f  these have already become 
obso le t e  as a r e s u l t  of  experience with present j e t  t ranspor t s .  Some requirements, 
such as longi tudina l  s t a b i l i t y ,  have been too r e s t r i c t i v e .  Others ,  such as l a t e r a l  
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cont ro l  response, have not  been r e s t r i c t i v e  enough. 
now is an accura te  d e f i n i t i o n  of  large a i rp l ane  control-response requirements i n  order  
t o  determine cont ro l  system configurat ions and ac tua t ion  power s iz ing .  

Indeed, what t he  des igners  need 

Ground s imulators ,  used extensively i n  t h e  study of  f ly ing  q u a l i t i e s ,  provide 
good so lu t ions  t o  t h e  problems of cruise and instrument f l i g h t ,  but  their  use  is Often 
no t  va l id  i n  t h e  evaluat ion of  low-speed f l i g h t  and landing characteristics. 
because a p i l o t ,  when landing an aircraft, must rely on a complex combination of Visual, 
motion, and a i r c r a f t  instrumentat ion cues whi le  he is under t h e  psychological pressure  
of performing t h e  t a s k  well f o r  h i s  own and h i s  passengers' sa fe ty .  

This  is 

2.  DEVELOPMENT OF THE 367-80  INFLIGHT 
D Y N A M I C  SIMULATOR 

Seeking t o  overcome t h e  l i m i t a t i o n s  of  ground s imulators ,  N A S A ' s  Langley Research 
Center, with Boeing, f i t t e d  t h e  367-80 prototype as an i n f l i g h t  dynamic s imulator  t o  
s tudy t h e  low-speed f l i g h t  and landing approach characteristics of  large a i rp lanes .  
The Boeing 367-80 a i rp l ane  (see Figure 2)  is t h e  prototype o f  t h e  C/KC-135 j e t  tanker-  
t r anspor t  and of  the company's cu r ren t  commercial a i r c r a f t  series. Boeing has  used the 
prototype extensively f o r  development t e s t i n g  of h i g h - l i f t  f l a p  systems*, many of  which 
are now i n  use  on the model 707, 720, and 727 j e t  t ranspor t s .  

2.1 History of Simulation P ro jec t  

The h i s to ry  of t h i s  s imulat ion p ro jec t  is shown in  Figure 3. In  1963 a f e a s i b i l i t y  
study had ind ica ted  tha t  t h e  367-80 could be modified f o r  s imulat ion of both t h e  
variable-geometry and d e l t a  SST designs. 
developed and i n s t a l l e d  i n  the  t e s t  a i rp l ane  i n  1964. I n i t i a l  check-out was made i n  
1965 during a company-funded C-5A simulat ion program. Five months, from M a y  t o  
October of 1965, were taken up with SST simulat ion tes ts  conducted under con t r ac t  t o  
NASA. 
1965 under con t r ac t  t o  NASA's  Ames Research Center. 

Simulation aquipment designed by Boeing was 

A similar program t o  study large subsonic t r a n s p o r t s  was performed i n  November 

2 .2  Description of Boeing Model 367-80 Airplane 

Throughout t h e  simulation t e s t i n g ,  t h e  367-80 was equipped wi th  a blown boundary- 
layer cont ro l  (BLC) f l ap  system, an out-growth of t h e  Boeing h i g h - l i f t  development 
program. T h i s  f l a p  system (Fig. 4) incorpora tes  large, simple-hinged f laps  t h a t  
d e f l e c t  t o  85'. 
e j e c t o r  nozzles. 
maximum h i g h - l i f t  development. 

High-pressure engine bleed-air is  blown over t h e  upper sur face  through 
The wing has 727-type leading  edge f l aps  and Kreuger f laps  f o r  

A low-speed landing tes t  program was conducted a t  NASA-Langley dur ing  t h e  sp r ing  of  
1964. During the program, which was descr ibed by Mr.Robert O.Shade a t  t h e  26th AGARD 
F l igh t  Mechanics Panel meeting, t h e  a i rp l ane  demonstrated maximum l i f t  c o e f f i c i e n t s  of  
3, s t a l l  speeds of 65 knots, and performed landing approaches as slow as 80 knots. 

Several cont ro l  problems were encountered dur ing  t h e  low-speed tests. These 
included: 

Autopilot improvement, and automatic landing systems. 
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Strong non l inea r i t i e s  in  t h e  l a t e r a l  control .  
Unstable Dutch r o l l  o s c i l l a t i o n .  
Strong aerodynamic roll/yaw cross-coupling . 
Inadequate longi tudina l -cont ro l  power f o r  f l a r e  i n  maximim ground e f f e c t .  
Poor cont ro l  reso lu t ion  of  the  aerodynamic servo tabs at  low speeds. 

To overcome these problems, t o  allow t a i l o r i n g  of t h e  cont ro l  forces ,  and t o  s impl i fy  
implementation of t h e  simulation system, 727-type hydraulic-powered e leva tor  and l a t e r a l  - 
cont ro l  systems (see Figure 5) were i n s t a l l e d  in  the  367-80 i n  the  f a l l  of 1964. 

Under a NASA-Langley test  program during t h e  same year ,  an advanced rudder-axis 
s t a b i l i t y  augmentation system w a s  developed. That system cons is ted  of a Dutch r o l l  
damper (6R - p )  t o  give a Dutch r o l l  damping r a t i o  of 0.3, a r o l l  decoupler (6R-4)  
t o  e i iminate  adverse ywi r e s i l t i n g  frm r ~ l ?  rate, md a t u rn  coordination programmer 
( 6 R  - 6wH with phasing) t o  improve t h e  turn-ent ry  cha rac t e r i s t i c s .  

A system of a i le ron  augmentation, incorporated in  the  design of the hydraul ic-  
powered l a t e ra l - con t ro l  system, consis ted of a r o l l - r a t e  damper ( 6 A  - $ ) , a yaw 
decoupler (6A 
spiral  s t a b i l i t y  augmenter (6A - 6). t o  reduce the large e f f e c t i v e  d ihedra l  caused by wing sweep, and a 

m e  low-speed rudder and a i l e ron  augmentation systems were evaluated in  January 1965 
i n  conjunction with NASA-Ames. B a s i c  a i rp lane  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  were 
rated a t  6 on the  Cooper r a t i n g  scale because of a divergent  Dutch r o l l ,  adverse yaw, 
and s t rong  exc i ta t ion  of l a t e r a l  o s c i l l a t i o n s  by t h e  cont ro ls .  
t he  p i l o t  r a t i n g  was improved t o  3.5. Combined rudder and a i l e ron  augmentation was 
r a t e d  a t  2.5 f o r  low-speed landing approaches. 

With rudder augmentation, 

The 367-80 was equipped w i t h  a comprehensive system of  instrumentation t h a t  measured 
a i r speed ,  a l t i t u d e ,  and temperature; a l l  p i lo t -cont ro l  inputs  and cont ro l - sur face  
pos i t i ons ;  f u e l  loading and engine performance; angle  of attack and s i d e s l i p ;  and 
computer output  s igna ls .  
One tape system recorded 200 channels i n  sampled, d i g i t a l  form. The o ther  tape  system 
continuously recorded 40 channels. 
t o  check out  t he  a i rp l ane  simulation qual i ty .  

Data were recorded by osci l lographs and by magnetic tape. 

A self-developing osc i l lograph  was used in  f l i g h t  

2 .3  Simulation Techniques 

me 367-80 dynamic simulation system has f i v e  degrees of freedom, summarized i n  
Figure 6. Rolling, yawing, and p i tch ing  moment equations are simulated by inputs  t o  
the lateral cont ro l ,  rudder,  and e leva tor .  The l i f t  equation is simulated by inputs  
t o  t h e  wing spoi le r - type  speed brakes, while t h e  drag equation is simulated by inputs  
t o  t h e  t h r u s t  modulators. There is no simulation of t h e  s ide- force  equation. However, 
both a n a l y t i c a l  and f l i g h t  experience have shown t h a t  because t h e  s i z e ,  geometry, and 
airspeed of t he  367-80 a r e  c lose  t o  those of t h e  a i rp l anes  being simulated,  s t a b i l i t y  
characteristics and cockpi t  motion a r e  within 90% of the  co r rec t  values.  

I n f l i g h t  dynamic simulation uses  t h e  response-feedback technique ( i l l u s t r a t e d  in  
Figure 7 f o r  t he  p i tch  equation).  
computer a r e  e l e c t r i c a l  signals. 

The p i l o t ’ s  cont ro l  inputs  t o  the  simulation 
The computer dupl ica tes  t h e  c h a r a c t e r i s t i c s  of  t h e  
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simulated - a i rp l ane  control  system, including t h e  effects of control-  time constants  
and r a t e  limits. This signal is used t o  d r ive  the  367-80 elevator.  
of the a i rp l ane  are measured by t h e  instrumentation, and signals are fed back through 
the computer c i r c u i t s  t o  t h e  e l eva to r  t o  modify the  n a t u r a l  s t a b i l i t y  characteristics 
of  t h e  -80 so tha t  they match those o f  t he  a i r p l a n e  being simulated. 
t h e  basic  aerodynamic s t a b i l i t y  de r iva t ives ,  t h e  simulation equations include matching 
of control  power and i n e r t i a .  For simulation of  delta-wing configurat ions t h e  simula- 
t i o n  equations include a transformation f o r  the  cross-product of  i n e r t i a  t o  give the  
c o r r e c t  dynamic s t a b i l i t y  modes and cockpi t  motion response. 
equat ions are given i n  t h e  Appendix. 

Resultant motions 

I n  add i t ion  t o  

Complete s imulat ion 

The 367-80 o f f e r s  the P v ~ l u a t i c ~  p i l c t  B -:cry real is t ic  f i i g i ~ i  experience wi th  tine 
simulated a i rp l ane .  
t h e  co r rec t  i nd ica t ions  of  t h e  cockpit  instrument,  give t h e  p i l o t  a l l  h i s  motion and 
v i sua l  cues. He can, with precis ion,  evaluate  a simulated aircraft configurat ion and 
h i s  a b i l i t y  t o  con t ro l  i t .  I n  addi t ion,  the  aircraft’s instrumentation makes a 
record of t h e  w a y  in which t h e  p i l o t  performs each t a sk .  

The accuracy of t he  a i rp l ane  response t o  con t ro l  and motions, and 

2 .4  Airplane Mechanization 

The simulation-evaluation p i l o t  occupies t h e  right-hand seat of t h e  367-80 cockpit .  
The right-hand con t ro l  column, (Fig.8) is i d e n t i c a l  w i t h  t h a t  of  t h e  lef t -hand seat 
except t h a t  it h a s  been disconnected from t h e  367-80 con t ro l  system. 
outputs  a r e  generated by t he  wheel and column. 
feel  systems t h a t  provide the  des i r ed  con t ro l  forces.  To allow the use of  s t ick 
s t ee r ing ,  t he  column i s  mechanized t o  generate e i ther  a de f l ec t ion  o r  force output  
s ignal .  The 
long i tud ina l - f ee l  system has  a f ixed cen te r ing  d e t e n t  and var iable-force gradient  
t h a t  incorporates  a hydraul ic  spr ing.  
707-type trim button t h a t  d e f l e c t s  t h e  e l e v a t o r  wi th  a s i g n a l  from the  computer. The 
normal 367-80 rudder con t ro l  and feel  sp r ing  are used and t h e  con t ro l  s e n s i t i v i t y  and 
Power are simulated by electrical  i n p u t s  t o  t h e  rudder through t h e  yaw damper, which 
operates  i n  series with t h e  p i l o t ’ s  mechanical inputs.  
include a t h r o t t l e  handle t h a t  operates  t h e  t h r u s t  modulators, through t h e  computer. 
t o  simulate engine response. 

E l e c t r i c a l  signal 
This u n i t  is connected t o  a r t i f i c i a l  

T h e l a t e r a l - f e e l  system is a simple sp r ing  wi th  a cen te r ing  detent .  

On t h e  evaluat ion p i l o t ’ s  con t ro l  wheel is a 

Evaluation p i l o t  c o n t r o l s  a l s o  

The cockpit  of t h e  367-80 is shown i n  Figure 9. The cockpi t  instrumentation is 
very similar t o  t h a t  of a 707 o r  727. The instrumentat ion includes:  

A Coll ins  FD-108 f l i g h t  d i r e c t o r  which provides  heading, bank angle,  p i t c h  a t t i t u d e ,  
and s l i p  information. 
F l i g h t  d i r e c t o r  modes f o r  VOR t racking,  a l t i t u d e  hold,  heading t racking,  and ILS/ 
g l i d e  -s lope capture and tracking. 
An SR3 gyro compass, radio compass, ADF, and VOR. 

Two airspeed systems, one t h e  normal s h i p ’ s  system and t h e  o t h e r  connected t o  a 
P i t o t - s t a t i c  probe at the t i p  of t he  v e r t i c a l  ta i l .  

Barometric and radar  altimeter systems. 

Indicat ion o f  t h e  angle of  attack and s i d e s l i p  angle, measured by t he  nose-boom vane. 
A normal accelerometer and ind ica t ion  of wheel angle,  e l e v a t o r  de f l ec t ion ,  and s t i c k  
force.  
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A bank of  lights a t  t h e  top of t he  panel monitors operat ion of t h e  s imulat ion system. 
The lights ind ica t e  sa tu ra t ion  of any of the  cont ro l  sur faces  o r  automatic 
disengagement of simulation. 
367-80 t h r o t t l e s .  

The s imula t ion- thro t t le  handle is t o  the r i g h t  of t h e  

The a i rp l ane  instrumentation and cont ro l  systems interconnect  with the  simulation 
computer through the  in t e r f ace  console (Fig. 10). Alternat ing-current  signals from 
instruments,  such as t h e  gyro, a r e  demodulated t o  d.c. signals f o r  use by t h e  computer. 
The in t e r f ace  contains  power ampl i f ie rs  f o r  ac tua t ing  the  controls ,  rudder and a i l e ron  
s t a b i l i t y  augmentation systems, and switching c i r c u i t s  t o  engage s t a b i l i t y  augmentation 
or simulation. I n  addi t ion,  the  in t e r f ace  also provides signals f o r  severa l  
instrumentation funct ions,  such as the  nose-boom vane ind ica tors .  

The simulation computer, (Fig.11) is a Systron-Donner model SD-80 t h a t  has  been 
msdified mcl ruggedized fo r  f l i g h t  use. This computer has  84 t r a n s i s t o r i z e d  ampl i f i e r s  
(100 V opera t ion) ,  125 potentiometers,  15 nonlinear funct ion generators ,  and 5 functioii  
switches. 

The computer patchboard is removable, which allows a separa te  patchboard f o r  each 
major s imulat ion configuration. 
modify t h e  367-80 s t a b i l i t y  der iva t ives  t o  those of t h e  simulated configurat ion,  and 
t h e  c i r c u i t s  t o  s imulate  t h e  control  system response, cont ro l  power and engine dynamic 
c h a r a c t e r i s t i c s .  The nonlinear function generators compensate f o r  t he  aerodynamic 
n o n l i n e a r i t i e s  of t h e  367-80, such as t h e  speed-brake l i f t  modulation, and s imulate  
the  non l inea r i t i e s ,  such as ground e f f e c t ,  of t h e  a i rp l ane  being evaluated. A unique 
f e a t u r e  of t h e  s imulat ion computer is t h a t  it includes an analog model of the 367-80 
f l i g h t  dynamics. 
connecting t h e  cont ro l  and feedback c i r c u i t s  t o  t h i s  model rather than t o  the  in t e r f ace .  
This very usefu l  f ea tu re  allows t rouble  shooting and configurat ion t a i l o r i n g  on the  
ground and has  e l iminated much unprofi table  f l i g h t  time. 

The computer mechanizes t h e  feedback c i r c u i t s  t h a t  

Ground checkout of t h e  simulation c i r c u i t s  is accomplished by 

The longi tudina l ,  l a t e r a l ,  and d i rec t iona l  cont ro ls  and speed brakes are ac tua ted  
by e l e c t r i c  t r a n s f e r  valves  on the  hydraul ic  sur face  ac tua to r s  (high-gain au top i lo t -  
type t r a n s f e r  valves t h a t  give fast  control response and prec ise  cont ro l  reso lu t ion) .  
The t h r u s t  modulators a re  actuated by an e l e c t r i c  servo connected t o  the  cont ro l  
cables .  The wheel, column, and t h r u s t  modulators operate  i n  parallel wi th  t h e  sa fe ty  
p i l o t ’ s  cont ro ls ,  which d e f l e c t  t o  indicate  the  a c t u a l  cont ro l  sur face  pos i t ion .  The 
rudder and speed brakes, however, operate  in  s e r i e s  with the  cockpi t  con t ro l s  and 
t h e i r  de f l ec t ion  is shown by cockpi t  instruments. 

2.5 Special  Features  of  the  367-80 I n f l i g h t  
Dynamic Simulator 

The 367-80 is t h e  f i r s t  l a rge  j e t  a i rplane t o  be mechanized f o r  i n f l i g h t  simulation. 
A s  a r e s u l t  of t h e  367-80’s s i z e ,  t he  p i lo t ’  s cockpit  environment is c o r r e c t  with the  
v i s i b i l i t y ,  instruments,  and noise  typ ica l  of a present-day j e t  t ranspor t ,  and t h e  
cockpi t  motions and acce lera t ions  a r e  representa t ive  of those of t h e  l a r g e  a i rp l anes  
being simulated.  Because the  367-80 can carry a l a rge  test  crew, seve ra l  p i l o t s  m a y  
p a r t i c i p a t e  on one f l i g h t  and ana lys i s  engineers may a l s o  d i r e c t l y  participate. The 
367-80’s l a rge  s i z e  a l so  allows t h e  use  of of f - the-she l f  laboratory equipment, t hus  
e l imina t ing  t h e  need f o r  miniatur izat ion.  
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L i f t  c h a r a c t e r i s t i c s  are simulated by the  367-80's wing s p o i l e r  type speed brakes 
(see Figure 12). The airplane is trimmed with t h e  speed brakes up, and t h e  brakes 
are modulated UP and down with angle of a t t a c k  t o  change t h e  l i f t - c u r v e  s lope  of t h e  
367-80. 
The speed brakes a l s o  s imulate  l i f t  i n t e r a c t i o n  w i t h  power. The p i t ch ing  moment and 
drag of  the speed brakes are compensated i n  t h e  s imulat ion c i r c u i t s .  

Simulation of  t h e  lift curve of a variable-geometry SST is shown i n  Figure 13. 

Drag is simulated by the  367-80 t h r u s t  modulators (see Figure 12) .  me t h r u s t  
modulators are t h r u s t  reversers  t h a t  opera te  i n  t h e  primary (hot  flow) sec t ion  of t h e  
epgine. 
the  reverser  c lamshel l  doors. 
modulators produce a range of n e t  t.hr?lst frnm fu l l  t o  zeic. 
with p a r t i a l  t h r u s t  modulation, and the  t h r u s t  is modulated forward and back as a 
funct ion of angle  of  a t t ack  and speed t o  simulate t h e  des i red  drag and speed s t a b i l i t y  
characteristics. Simulation of t h e  drag  of a variable-geometry SST is shown i n  Figure 
14. The pi tch ing  moment and t h e  a l t i t u d e  and temperature va r i a t ions  of  t he  t h r u s t  
modulators are compensated in  the  s imulat ion c i r c u i t s .  

Hydraulic ac tua to r s  connected t o  t h r o t t l e - l i k e  handles i n  t h e  cockpi t  d r ive  

The a i ry i ane  is trimmed 
Since there is no fan sec t ion  reversing,  t he  t h r u s t  

Ground e f f e c t  i n  landing is approximately simulated by s igna l s  from a radar  
altimeter. (Fig. 15) . Three nonl inear  funct ion generators  s imulate  the  l i f t ,  drag, 
and p i tch ing  moment i n  ground effect  by compensating t h e  est imated 367-80 ground-effect 
c h a r a c t e r i s t i c s  and s u b s t i t u t i n g  those of t h e  simulated airplane.  

The 367-80 can operate  i n  severa l  a l t e r n a t i v e  modes of f l i gh t :  me s a f e t y  P i l o t  
can f l y  t h e  a i rp l ane  using series rudder and a i l e r o n  s t a b i l i t y  augmentation; t h e  
evaluat ion p i l o t ' s  cont ro l  can be connected t o  t h e  basic 367-80 cont ro ls ;  and an 
au top i lo t  mode is ava i lab le .  

2.6 Range of Simulation and Limi ta t ions  

The 367-80 can operate  i n  s imulat ion over t h e  f u l l  range of i ts aerodynamic 
performance and s t r u c t u r a l  l imi t a t ions ,  summarized i n  Figure 16. The BLC f l a p  System 
w i l l  allow f l i g h t  a t  landing approach speeds as low as 80 knots. Although s t r u c t u r a l  
p lacards  present ly  l i m i t  simulation f l i g h t  spee& t o  160 knots ,  t h i s  can be increased 
t o  f u l l  subsonic c r u i s e  by minor S t ruc tu ra l  and con t ro l  system modif icat ions.  
s t r u c t u r a l  l i m i t  on maneuvering is 1.6 g. 
chosen so t h a t  a hard-over signal from t h e  computer would n o t  upse t  t h e  a i rp l ane  or  do 
s t r u c t u r a l  damage before  t h e  sa fe ty  p i l o t  could recover cont ro l .  
con t ro l  au thor i ty  a l low moderate t o  large amplitude maneuvers and can s imula te  the f u l l  
con t ro l  au thor i ty  of h igh  i n e r t i a  a i rp l anes .  

The 
The cont ro l  de f l ec t ion  au tho r i ty  l i m i t s  were 

These limits of 

The simulation is mechanized wi th  l i n e a r ,  cons tan t  c o e f f i c i e n t  equat ions and is 
accura te  over a speed range of  f10 knots from trim. 
at  a l l  367-80 gross  weights, w i t h  a maximum e r r o r  of approximately 10% at high o r  low 
weight. Major configurat ion changes, such as f l ap  o r  large trim speed changes, m a y  
no t  be made without disengaging the  s imula t ion  and r e sca l ing  t h e  computer. 

The simulat ion accuracy is good 

2.7 Safety Provis ions 

The safe ty  P i l o t  monitors the  operat ion of t h e  c o n t r o l s  and t h e  maneuvers of t h e  
evaluat ion p i l o t ,  and takes  command of  t he  a i r p l a n e  i f  he observes  a malfunction or 
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senses  an unsafe maneuver developing. The simulation can be disconnected e l e c t r i c a l l y  
by e i t h e r  of t he  p i l o t s .  In addi t ion ,  it w i l l  disconnect automatical ly  when t h e  
in t e r f ace  senses  a malfunction i n  t h e  computer. 
f a i l  t o  operate ,  t h e  sa fe ty  p i l o t  can overpower t h e  e l e c t r i c a l  cont ro l  inputs  with 
mechanical inputs.  The cont ro l  forces  required t o  overpower t h e  e l e c t r i c a l  system are: 

I f  t he  electrical disconnect should 

Elevator  25 lb .  
Lateral cont ro l  30 lb .  t center ing spr ing  (= 45 lb .  at  75' wheel). 
Rudder Centering spr ing (13 l b .  at  10' 6R). 

Thrust  modulators 60 lb .  t o t a l .  

2.8 Simulation Setup and Checkout 

The response- feedback technigue requires  an accurate  knowledge of t h e  aerodynamics 
ef t h e  bas ic  simulation a i rp lane .  Extensive wind-tunnel tests of a model of t h e  
367-80 were performed t o  determine i t s  longi tudina l  and lateral s ta t ic  der iva t ives .  
In addi t ion ,  f l i g h t  tests of t h e  367-80 were performed t o  determine: 

Longitudinal s tatic s t a b i l i t y  and l i f t - d r a g  c h a r a c t e r i s t i c s  (by t e s t s  i n  which t h e  
airspeed was changed in  increments of 35 knots  from trim). 

L a t  e r a l -d i r ec  t i o n a l  s t a t i c  st abi li ty  , dihedral  e f f e c t ,  and cont ro l  c h a r a c t e r i s t i c s  
(by performing cross-control  sideslips).  

Longitudinal shor t  period and phugoid dynamic response (by performing s t ep  inputs  
t o  t h e  column). 

Longitudinal cont ro l  s e n s i t i v i t y  and power (by p i t c h  r eve r sa l s  i n  which a cont ro l  
pu lse  input  i n  one d i r ec t ion  was followed by a step i n  t h e  opposi te  d i r ec t ion ) .  

Longitudinal maneuvering cha rac t e r i s t i c s  (by performing a wind-up tu rn  and measuring 
the  s t i c k  de f l ec t ion ,  force  per g , and angle-of-at tack var ia t ion) .  

Roll  response time constant  and r o l l  damping (by performing s t e p  wheel inputs  and 
measuring t h e  s teady-s ta te  r o l l  r a t e ) .  

La te ra l  cont ro l  s e n s i t i v i t y  and power (by r o l l  r eve r sa l s  similar t o  t h e  p i tch  
r eve r sa l s ) .  

Dutch r o l l  mode (by measuring a f t e r  p i lo t  exc i t a t ion ) .  

S p i r a l  s t a b i l i t y  (by es t ab l i sh ing  a steady banked tu rn  and messuring the  a i rp l ane  
divergence or  convergence). 

Airplane dynamic response t o  cont ro ls  (by pulse  inputs  t o  each of t h e  cont ro l  
su r f aces  and a step input  t o  t he  t h r u s t  modulators). 
automatical ly  by the  computer and are t rapezoida l ,  w i t h  a 1-second r i s e  time, 
2-second durat ion,  and a 1-second decay time. The a i rp l ane  response to  these  
pu l ses  is used i n  s e t t i n g  up t h e  dynamic model of t h e  367-80 i n  t he  computer and f o r  
es t imat ing  t h e  dynamic s t a b i l i t y  der ivat ives .  

Af t e r  t h e  simulation patchboard is wired and the  potentiometers s e t ,  the  simulation 
c i r c u i t s  are connected t o  t h e  367-80 dynamic model f o r  t h e  i n i t i a l  simulation ground 
checkout. Control pu lses  of the  wheel, column, and rudder,  and a t h r u s t  step a r e  then 
performed on the  model and t h e  computer responses are compared with t h e  theo re t i ca l  
responses,  ca lcu la ted  by a d i g i t a l  computer, o f  t h e  a i rp l ane  being simulated. 

These pulses  are programmed 
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I n  f l i g h t ,  the  a i rp l ane  response t o  cont ro l  pu lses  introduced by the  computer is 
measured and compared with t h e  t h e o r e t i c a l  response. I f  t h e  response of t h e  367-80 
is no t  cor rec t ,  t h e  s imulat ion system gains  are readjusted i n  f l i g h t  u n t i l  the  response 
is cor rec t .  
Figure 17. "his simulat ion was very accurate .  
f o r  both high and low gross  weights of the  367-80. 
has  been checked out  previously,  t h e  check pulses  are repeated t o  ensure t h a t  the  
s imulat ion is operat ing cor rec t ly .  

An e leva to r  pulse  f o r  a simulated variable-geometry SST is shown i n  
Simulation check pulses  are performed 

When a configurat ion is flown t h a t  

In  t h e  programs conducted t o  date, approximately 25% of t h e  f l i g h t  time has been 
requi red  for  t he  s imulat ion checkout. 
t h a t  checked out  on the  f i r s t  try and enme d i f f i c u l t  xies that iequiittd one o r  more 
complete f l i g h t s ,  
mately two f l i g h t s .  
re-set a t  a l a t e r  time. 

This  is t h e  average f o r  some easy conf igura t ions  

In these  t e s t  programs, each configurat ion was flown f o r  approxi- 
The repeatability was good, so t h a t  t h e  conf igura t ions  could be 

After the pulse  response checkout, the  evaluat ion p i l o t  performs a series of 
maneuvers to  document t h e  s imulat ion configurat ion.  F l i g h t  data from speed s t a b i l i t y  
t es t s  f o r  a variable-geometry SST are shown i n  Figure 18. 
brakes, the  367-80 l i f t  s imulat ion was very accurate .  The f l i g h t  data from a wind-up 
tu rn  are shown i n  Figure 19, which shows t h a t  t h e  367-80 simulat ion of s t i c k  fo rce  per g 
was cor rec t .  
and reversa ls  a r e  performed and the  dynamic s t a b i l i t y  modes are exci ted.  

With t h e  modulated speed 

In  addi t ion  t o  these  maneuvers, c ross -cont ro l  s i d e s l i p s  and cont ro l  steps 

2.9 Simulation Test ing 

In t h e  simulation programs t o  eva lua te  low-speed approach and landing characteristics, 
t h e  evaluat ion p i l o t s  f irst  performed a series of  maneuvers a t  a l t i t u d e  t o  eva lua te  
t h e  s t a b i l i t y  and cont ro l  response characteristics: 

Simulated descents  and flares,  t o  eva lua te  t h e  maneuvering and speed cont ro l  
character is t i c s .  

P i tch  a t t i t u d e  changes o f  5' and lo', t o  eva lua te  p i t c h  response, s t a b i l i t y ,  and 
damping. 

Rol ler-coaster  maneuvers and wind-up tu rns ,  t o  eva lua te  maneuvering capabilities. 

Step wheel inputs  and r o l l  r eve r sa l s ,  t o  eva lua te  r o l l  response and la teral  cont ro l  
power. 

Precis ion turns ,  large amplitude tu rns ,  and avoidance maneuvers, t o  eva lua te  t u r n  
cha rac t e r i s t i c s .  

Following t h e  a l t i t u d e  maneuvers, v i sua l  and instrument  approaches and landings 
were performed w i t h  each configurat ion.  
o f f s e t  was introduced t o  t h e  ILS l o c a l i z e r  signal t h a t  forced t h e  p i l o t  t o  f l y  back t o  
the  runway center  l i n e  after breakout. 
continued a l l  approaches through landing. 
because o f  the ground-effect s imulat ion.  
valuable  f o r  evaluat ing a i rp l ane  conf igura t ions  wi th  poor long i tud ina l  con t ro l  response, 
s ince  t h e  evaluation p i l o t s  have encountered P i lo t - induced  o s c i l l a t i o n s  and o t h e r  
problems t h a t  were n o t  apparent  during air  maneuvers o r  landing  approaches. 

To make t h e  con t ro l  t a sk  more d i f f i c u l t ,  an 

If  s a f e t y  permitted,  t h e  evaluat ion P i l o t  
The landing  s imula t ion  was real is t ic  

The landing  s imula t ion  has  been p a r t i c u l a r l y  

L 
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2.10 Simulation Programs Performed with the 367-80 

The 367-80 i n f l i g h t  dynamic simulator was f i r s t  used by Boeing t o  evaluate  the  C-5A. 
The Boeing C-5A design developed in  t h e  design competition was simulated t o  eva lua te  
its f ly ing  q u a l i t i e s  and t o  ind ica t e  any improvements t h a t  could be made. 
l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  augmentation system was implemented and evaluated. In  
addi t ion ,  a research program was conducted t o  determine t h e  lateral  and longi tudina l  
cont ro l  response requirements. 

The C-5A 

An extensive SST simulation program was conducted a t  NASA-LangleY. Typical var iab le-  
geometry and delta-wing SST configurat ions developed by NASA were evaluated. 
unaugmented SST conf igura t ions  were evaluated by three NASA p i l o t s ,  and systems of 
longi tudina l  and l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  augmentation were developed and evaluated.  
A number of degraded configurat ions,  such as af t  center  of grav i ty  and low Dutch r o l l  
damping, were also evaha ted .  At t h e  conclusion of t h i s  program, t h e  SST conf igura t ions  
were evaluated b r i e f l y  by p i l o t s  from Boeing, Lockheed, NASA-AmeS, and t h e  FAA. 

The bas i c  

A simulation program t o  study the control  requirements of large subsonic t r anspor t s  
was performed in  conjunction wi th  NASA-Ames. 
and lateral cont ro l  response requirements and t h e  e f f e c t s  of t h e  cont ro l  system 
dynamics. This program was conducted i n  p a r a l l e l  with a ground-based simulator 
program, t o  ge t  good co r re l a t ion  between ground s imulat ion and f l i g h t .  

This program evaluated the longi tudina l  

3. C O N C L U S I O N S  

The 367-80 i n f l i g h t  dynamic s imulator  is a v e r s a t i l e  t o o l  for  evaluat ing new, l a rge  
a i rp l ane  designs. The 367-80 simulation is very accura te  because it has f i v e  degrees 
o f  freedom. With its h i g h - l i f t  flaps, the 367-80 can s imulate  a wide range of air- 
plane configurat ions through t h e  STQL and conventional landing-approach speed range. 

The simulation programs conducted t o  date  have concentrated on a i rp lane  s t a b i l i t y  
and control-response requirements f o r  the  landing t a sk .  
emergency condi t ions,  such as a partial control  system o r  s t a b i l i t y  augmentation 
f a i l u r e s .  
o the r  v a r i a b l e - s t a b i l i t y  a i rp l anes  w i l l  be used fo r  development f l i g h t  t e s t i n g  of t h e  
a i rp l ane  aerodynamic configurat ion.  
a c t u a l  SST hardware, such as t h e  au topi lo t ,  and w i l l  be usefu l  f o r  crew t r a i n i n g  p r i o r  
t o  t h e  f i r s t  f l i g h t  of  t h e  SST prototype. 

Future programs w i l l  s tudy 

When a s p e c i f i c  design has been se l ec t ed  fo r  t h e  USA/SST, the  367-80 and 

The 367-80 can be p ro f i t ab ly  used f o r  t e s t i n g  

The 367-80 also has great po ten t i a l  f o r  research f l i g h t  t e s t ing .  With its 
removable patchboard, t h e  computer can be mechanized f o r  a wide var ie ty  of t e s t s .  
poss ib l e  areas of  t e s t i n g  a r e  i n  t h e  f i e l d s  of gust a l l e v i a t i o n  t o  reduce s t r u c t u r a l  
loads  and improve r id ing  q u a l i t i e s  and the  d i r e c t  f l i g h t  measurement of a i rp l ane  s t a b i l i t y  
de r iva t ives  . 

Two 
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APPEND1 X 

SIMULATION EQUATIONS 

Airplane Equations of Motion 

(Normalized) 

2CL 
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Side Force 

I,,I, = Stability axis inertias. 

Dynamic Simulation Equations 

E 1 eva tor  

Speed Brakes 

f i r u s  t Modulators 

= 6 THAet - ST, Av 
ST" 6 a  6e  6v * 

Ai le ron  

Rudder 
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Dynamic Simulation system Gains 
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I n e r t i a  Cross-Product Transformation 

For t h e  simulation of a i rp l anes ,  such as t h e  delta-wing SST, wi th  a high cross-  
product of i n e r t i a ,  t he  following changes are made t o  t h e  basic simulation equations: 

(i) Use s t a b i l i t y  a x i s  i n e r t i a s ,  I,, Iz, Jxz. 

(ii) In t h e  r o l l  and yaw equations,  replace t h e  r o l l i n g  and yawing moments of 
i n e r t i a  by 

(iii) Replace the  aerodynamic s t a b i l i t y  and con t ro l  c o e f f i c i e n t s  by 

* I f  t h e r e  is a l a rge  d i f fe rence  between a-eo and asim t h i s  ga in  should be reduced t o  avoid 
an u n r e a l i s t i c  adverse yaw i n  t h e  cockpit  caused by t h e  -80 body axis being below t h e  simulated 
r o l l  axis. 
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(iv) Use dS and $s for the simulation feedback rather than d B  and 6, generated 
by the instrumentation: 

+s = qjB cos at $B sin a 

= - dB sinat ICB cos a . 
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367-80 

G W = 1 6 0 . 0 0 0  Ih 

S P A N - 1 3 0 8  f t  

I x = 2  6 x  lo6 s l u g  f t 2  

2 

2 

I Y = 2  3 x 1 0 6  s l u g -  f t  

I, - 4  7 x 1 0 6  s l u g -  f t  

74 7 

G W =  520,000 l b  

SPAN=184 1'1 

I X = 8 x 1 O 6  s l u g -  f t  
2 

2 

2 

I y  33x106 s l u g - f t  

I 7. - 4 0  x 10 ' slug-  f t  

Fig. 1 Airp lane  comparison 

SST - 
GW=300  000 lh 

SPAN=150 I 1  

I x - 2 9 x 1 0 ~  \ l u g  f t  2 

I, - 2 0  x 106 s lug  f t  2 

2 
I y  17 6 x 10 s l u g  f t  

Fig .2  Boeing 367-80 
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Fig. 4 Boundary-layer control  f l ap  system 
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Fig .  11 Simulation computer 
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Fig. 15 Radar altimeter 
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3 6 7 - 8 0  

Flaps (deg) 30 
TrimYe(kn1 136 
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Weight ( lb)  175,200 
C G  ( W c )  30.3 
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Fig. 19 Maneuvering documentation. Wind-up t u r n  
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